Abstract-This paper describes a sensorless control scheme for brushless dc motors (BLDCM's) using a phase shifter (FIPS) which can shift the zero-crossing point of the input signal with a specified amount of phase. The detection performance of the proposed FIPS is independent of the frequency of the input signal and quite robust with respect to the measurement noise. It is shown that the proposed sensorless control scheme using the FIPS is more effective in the respects of noise-robustness and cost than the previously known schemes. Moreover, flux-weakening control scheme can be easily incorporated into the proposed sensorless control scheme. The generality and practicality of the proposed sensorless control scheme is demonstrated through performance analysis and experiments under various operating conditions.
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I. INTRODUCTION

B
RUSHLESS dc motors (BLDCM's) have been widely used because of high efficiency and reliability. Since BLDCM's use permanent magnets for excitation, the information of rotor position is needed for high-performance control of BLDCM's. However, use of position sensors make the total system more expensive, larger, and less reliable. In this context, many authors have paid attention to sensorless control of BLDCM's, that is, controlling the motor speed of BLDCM's without using position sensors [1] - [6] .
There are two typical control methods for BLDCM's, one is squarewave control method and the other is sinusoidal current control method [7] . Since the accuracy of position information required for control is quite different between these two control methods, so are the corresponding sensorless control schemes. For instance, hall sensor signals that are lagged by 30 or 90 from back emfs are commonly used in squarewave control of BLDCM's. Therefore, detecting precisely the zero-crossing of the signals that are lagged by 30 or 90 from back emfs is crucial for controlling a BLDCM without any rotational transducer at low cost.
One approach to zero-crossing detection of these signals is to estimate the hall sensor signals by filtering appropriately the phase voltages [1] . However, the phase lag induced by the filter varies with motor speed and hence the control performance may depend on operating conditions. Another approach is based on the detection of the conducting state of free-wheeing diodes and can provide uniform control performance over various operating conditions [2] . However, this can be done using additional sensing circuits as well as special chopping patterns. This paper describes a sensorless control scheme using a novel phase shifter, which seems to be able to remove the drawbacks of the previous schemes effectively. In fact, the proposed sensorless control scheme can guarantee good control performance uniformly over a wide range of motor speed and load conditions. This desirable feature results from the fact that the zero-crossing detection performance of the proposed phase shifter is independent of signal frequencies. The proposed sensorless control scheme using the proposed phase shifter can be implemented easily on a microcomputer (MICOM). It needs only simple voltage-sensing circuits but not any special chopping patterns. Specifically speaking, the proposed sensorless control scheme can provide the same level of control performance as that in [2] with the same level of cost-effectiveness as that in [1] . We also emphasize that we present not only experimental results but also rigorous performance analysis. The organization of this paper is as follows. First, the novel phase shifter is described at some length in Section II and its performance is analyzed in Section III. Then, its application to sensorless control of BLDCM's is given in Section IV. Also, described are the conditions for the proposed phase shifter to guarantee good detection performance. In Section V, some experimental results are presented to illuminate further the practical use of the proposed sensorless control scheme. Finally, some concluding remarks are given in Section VI. On the other hand, the detailed derivation of some equations used in Section III is given in Appendix for better readability.
II. FREQUENCY-INDEPENDENT PHASE SHIFTER
Consider a sinusoidal signal . Then the problem of detecting the zero-crossing of the signal which is phase-lagged from the signal by radian can be formulated as that of getting the following squarewave signal :
A typical scheme for detecting zero-crossing with a specified phase lag is shown in Fig. 1 , where is the measured signal, is the input signal, and is the measurement noise. In Fig. 1 , represents a lowpass filter and is used for attenuating the measurement noise . In this typical scheme, the radian frequency of the input signal is estimated by a proper method.
0885-8993/00$10.00 © 2000 IEEE Fig. 1 . Typical scheme for detecting zero-crossing with a specified phase-shift.
Then, its estimate is used in calculating the amount of time delay required for the delay element as follows. (2) As can be seen from (2), the lowpass filter must be chosen so as to satisfy for all possible radian frequencies of the input signal. On the other hand, note that in case of , the choice of simplifies the calculation of as follows:
Furthermore, it is quite effective for attenuating the effect of measurement noise. However, ideal integrators tend to diverge in the presence of dc offset. Furthermore, it still remains to find an effective method for estimating the radian frequency of the input signal.
In this context, we propose a new phase shifter which can resolve the above problems in a simple and cheap way. The block diagram representation of the proposed phase shifter is given in Fig. 2(a) . Here, the constant is defined by (3) The function simply represents the length of the time interval for which the measured signal continues to be positive [negative] . And, to reset alternatively the values of and , we update and in the manner soon to be explained. On the other hand, to acquire a kind of the well-known integrator anti-windup effect [8] , the values of the functions , are limited by a positive constant .
Note that the functions , in Fig. 2 (a) can be written as
where is the largest one of the such that and (5a) while is the largest one of the such that and (5b) Then, the output of the new phase shifter can be written as sgn sgn (6) Since at (7) To describe the basic operation of the proposed phase shifter, we consider the ideal case of no measurement noise and the periodic input signal. That is for some constant (8a) sgn sgn (8b)
The operation of the proposed phase shifter for this ideal case is illustrated in Fig. 2(b) with the initial condition of and . As shown in Fig. 2(b) , denotes the time when the th zero-crossing of in (6) occurs and the phase shift error of the proposed phase shifter at the time is denoted by . Precisely speaking, represents the phase difference of the squarewave signal in (1) versus the squarewave signal in (1) at the time . On the other hand, denotes the time when the th zero-crossing of the input signal occurs.
In Fig. 2(b) , for . Therefore, is identically zero during this time interval. As the result, there is no satisfying (5a). Hence, increases until . That is (9) Thereafter, preserves its value at before the time when (5a) is satisfied.
Since on the time interval , continues to increase. It is clear from (9) that during this time interval, there exists the time such that . Therefore, is changed from 0 to at . As the result, is reset to zero and in (6) is changed from +1 to 1 at . From the preceding discussion along with the fact that , it is also clear that (10) On the other hand, on the time interval . Therefore, there exists the time such that and , . Note that, at and thereafter, the output of the proposed phase shifter coincides with the desired output in (1) .
So far, we have shown that the proposed phase shifter begins to play the desired role within one period of the input signal for the case of . By exchanging the roles of and in the above arguments, we can show that this is true also for the other case of . Also note that the performance of the proposed phase shifter is independent of input frequency. In this context, the proposed phase shifter will be called frequency-independent phase shifter (FIPS) from now on (see Fig. 3 ).
III. ERROR ANALYSIS
Let us now consider the phase shift error of the proposed FIPS defined in the previous section. We consider the following two cases.
i) The frequency of the input signal is accelerating and the measurement noise does not cause any sign difference between the input signal and the measured signal (error due to acceleration) ii) The input signal is periodic and the measurement noise causes some sign difference between the input signal and the measured signal (error due to noise) In what follows, we assume without loss of generality that . We also assume that the FIPS operates normally, that is, and are reset alternatively and only once within one period of the input signal.
First, consider the case (i), that is for a nonzero constant (11a) sgn sgn
It is then shown in Appendix that due to acceleration can be written as follows:
(12) From (12), it can be seen that the phase shift error due to acceleration is a function of and . Note that if goes to 0, tends to 0 regardless of the magnitude of and that this corresponds to the ideal case in Fig. 2(b) . Also, note that a higher produces a lower , which implies better performance at higher speed.
Next, we consider the case (ii), that is for some constant (13a) sgn sgn for some (13b)
It is then shown in Appendix that due to measurement noise can be described by
Here, are defined by sgn sgn
A typical case is indicated in Fig. 4 . From (14), it can be seen that when , the phase shift error becomes zero, that is, the effect of measurement noise is cancelled by the integral action of the FIPS.
In summary, the desirable properties of the proposed FIPS are as follows. First, the FIPS operation depends only on the sign of the measured signal and there is no need for analog-to-digital converters (ADC) which are commonly used for the imple-mentation of digital filters. Secondly, the effect of measurement noise is filtered out by using two integrators [see Fig. 2(a) ] and in case of , the FIPS operates as an ideal integrator. Moreover, the value of the two integrators are reset to zero alternatively and hence no additional offset compensation algorithm is needed. Finally, the proposed FIPS does not use zero-crossing of the input signal directly and is robust with respect to the uncertainty in zero-crossing of the measured signal.
IV. APPLICATION TO SENSORLESS CONTROL OF BLDCM'S
Now we explain how to use the proposed FIPS in sensorless control of BLDCM's. We apply the FIPS's to low-cost control of a BLDCM without any rotor position sensor in which rectangular waveform voltages are applied based on the commutation sequence and the phase currents are not directly controlled. The dynamic equations of a BLDCM can be written as follows:
Here , , ,
, and denote, respectively, th phase current, th phase voltage, electrical angle, mechanical angle, and number of pole pairs. And, , and represent, respectively, resistance, inductance, moment of inertia, viscous damping coefficient, generated torque, load torque, and back emf constant. The function denotes the partial derivative of flux-linkage with respect to rotor position which determines the shape of the back emf.
First, we consider the case of sinusoidal back-emf, that is, . In sqaurewave control of BLDCM's, hall-sensor signals with 60 resolution are commonly used [7] . The waveforms of the back emfs and hall sensor signals are shown in Fig. 5(a) . From Fig. 5(a) , we see that for each = 1, 2, 3, the zero-crossing of the back emf of phase leads that of the corresponding hall sensor signal by 30 . Therefore, BLDCM's without hall sensors can be controlled equally well if the zero-crossing of back emfs can be detected successfully with phase-lag of 30 or 90 from the information of phase voltages [1] , [2] . Let , , and be, respectively, input signal, measured signal, and measurement noise applied to the FIPS for the th phase of the BLDCM. Then, they can be described as follows:
For each = 1, 2, 3, we denote by the estimate of the commutation sector shown in Fig. 5(a) . In our sensorless control scheme, , = 1, 2, 3 are obtained from the outputs , = 1, 2, 3 of the three FIPS's as shown in Fig. 5(b) . On the other hand, the configuration of the PWM inverter commonly used to drive BLDCM's is shown in Fig. 6 If a PWM signal is applied to both the upper and the lower switches, the average value of the resulting terminal voltages can be written as given in Table I . Here, " is open" means "the phase is open" or "both and are open," while is the voltage command soon to be described.
Recall that the phase shift error is zero in the ideal case that the measurement noise does not cause any sign difference between the input signal and the measured signal. In fact, the conditions for sgn sgn can be derived. In our analysis, the average values of phase voltages are used instead of their instantaneous values from the PWM inverter. Also, the magnitude of phase shift errors are assumed to be less than 30 . When the ideal model of a free-wheeling diode is used, the terminal voltage of the phase k which is open can be written as follows:
Through some calculation using (18) and (19), it can be shown that can be described as shown in Table II . On the other hand, can be described regardless of operational ranges as follows: (20) First, let us consider the case of open-circuit mode, that is, the case that the current of the phase which is open has been decayed to zero after free-wheeling mode. Then, it is clear from Table II that if , and hence sgn The condition in (21) is easily satisfied when the motor speed is constant or is accelerating. Next, let us consider the case of free-wheeling mode. Then, it can be shown that sgn = sgn if and (22) However, the condition in (22) may not be satisfied at low speed. Moreover, as long as , the sign of is unchanged and usually different from that of . Fortunately, as shown in (14), the phase shift error due to sign difference is proportional to frequency of the input signal, that is, the motor speed. Therefore, at low speed, the phase shift error due to free-wheeling operation is not so large as to affect the performance of the proposed sensorless scheme.
Furthermore, the starting point of the free-wheeling interval is known because it corresponds to the zero-crossing point of one of the outputs of three FIPS's. In case of and , the typical waveforms of , , and based on (20) and Table II are shown in Fig. 7 . To compensate the effect of sign difference between the input signal and the measured signal during free-wheeling mode, one of the three inputs of FIPS's is forced to be 1 or 1 for a specific time smaller than immediately after the commutation sector changes if after switching if after switching if after switching if after switching if after switching if after switching.
In [2] , the detection of zero-crossing is blocked during the free-wheeling mode. This blocking strategy is inevitable for normal operation of the sensorless control scheme proposed in [2] . Here, the compensation strategy in (23) is employed just for the reduction of the position estimation error. In fact, our sensorless control scheme works well even without this. In this sense, the performance of our sensorless control scheme is more robust than the previous ones. Now consider the case of a BLDCM with trapezoidal back emf. Then, in (16a) and (16c) takes trapezoidal waveform with peak value of 1. Through similar arguments, we can derive the conditions for sgn = sgn . Specifically speaking, (22) still holds, while (21) should be replaced by (21)' (21) Fìnally, we consider flux-weakening control for BLDCM's without hall sensors. In squarewave control, the flux-weakening operation is performed by adjusting the lead angle [11] , say, , from 0 to some positive value. Hence, this can be accomplished simply by choosing as (24) Note that the lead angle should be chosen less than 30 to guarantee stable operation of the overall sensorless control system. Otherwise, we can see from (20) and Table II that sgn = sgn cannot be guaranteed anymore and that the phase shift error may diverge.
V. EXPERIMENTAL RESULTS
To demonstrate the practical use of the proposed sensorless scheme, we have performed some experiments under various operational conditions. In our experimental work, we used a BLDCM with sinusoidal back emf(output power 250 W, rated torque 0.73 Nm). The motor parameters were , mH, , and Nm/A. Since the back emf is not generated at the zero speed, a stepping control scheme was used to accelerate the motor speed up to a certain speed level before the proposed sensorless control scheme was applied, as done in [1] , [2] . And the control mode was changed from stepping control to sensorless control when the stepping rate exceeded a certain value larger than . The voltage command in Table I was determined differently depending on control modes as follows: during stepping control during sensorless control
where are constants and denotes the stepping rate [9] . Here, and represent, respectively, the speed command and the estimate of the motor speed.
The motor speed may be estimated by applying the wellknown M method [10] to the outputs of FIPS's. However, the low resolution of the outputs of FIPS's can cause a considerable time delay in speed estimation, Therefore, a moving average technique was adopted to acquire the desired resolution with a smaller time delay. If denotes the ratio of the period of speed estimation to the sampling time , the speed estimate at was determined by
where is the number of speed data used for moving average, is a positive integer soon to be discussed, and denotes the estimate of the electrical angle at , which is obtained from the outputs of FIPS's. Here, in (26b) may be regarded as the average value of the motor speed over the time interval . Note that should be chosen sufficiently large since the position information is available only when an increment of 30 in occurs. Note from (26a) that a large gives more robust performance with respect to measurement noise but larger time delay in speed estimation.
The configuration of the MICOM-based drive system built for our experimental works is shown in Fig. 8 , where for each = 1, 2, 3, is the output of the lowpass filter used to get the averaged value of the phase voltage from its instantaneous values. The three lowpass filters were designed so carefully as not to introduce considerable phase lags that may degenerate the performance of FIPS's. The voltage sensing circuit in Fig. 8 consists of three comparators, three capacitors, and twelve resistors. All algoriTheorems were implemented in a 8-bit MICOM. Three input ports were used to read the sign of the filtered values , while three output ports and one 16 kHz PWM output port were used to send the estimates , of hall-sensor signals and the voltage command to the inverter circuit. The commutating signals for the inverter switches were generated in the same way as done in [1] . In this way, terminal voltages for a BLDCM were applied. To apply a constant load torque, a magnetic brake was connected to the BLDCM through a torque detector. On the other hand, the position information from a resolver attached to the BLDCM was used to verify control performance of the proposed sensorless scheme.
To see the step response of the overall sensorless control system, the time histories of the motor speed and the phase shift error for the step speed command of = 3000 rpm are plotted in Fig. 9(a) . Here, is set to 0 before the control mode was changed from stepping control to sensorless control. For better observation, the time histories of the phase shift error , , and the phase current during the time intervals (A) and (B) are plotted with smaller time divisions in Fig. 9(b) and (c), respectively.
As can be seen from Fig. 9 (b) and (c), the phase current, at steady state, was 4A which corresponds to the load torque of 0.73 Nm. At steady state, we executed the compensation strategy in (23) with 0.5 ms. As can be seen from Fig. 9(c) , the phase shift error or the position estimation error at steady state was kept within 7.2 . It should be noted that the position estimation error of 7.2 was determined solely by the present motor speed 3000 rpm and the sampling time 200 s. Thus, smaller gives a smaller position estimation error. Recall that our scheme was executed on a very cheap 8-bit MICOM. Nowadays, many electric home appliances employ high-performance microprocessors such as digital signal processor (DSP). If this is the case, and hence, the position estimation error can be reduced much smaller.
To verify that the detection performance of our sensorless control scheme does not depend on operational conditions, we have investigated the effect of motor speed and load torque on phase shift error. For this aim, we have made step change from 3000 rpm to 1000 rpm at time and then, to 3000 rpm at time . The experimental result is shown in Fig. 10(a) . Owing to the nonideal characteristics of the magnetic brake, we can observe that steady state value of is particularly high when 1000 rpm. Nonetheless we can see from Fig. 10(a) that the phase shift error is kept within 10 during transient and within 7.2 at steady state.
While the motor speed was kept at 3000 rpm, the rated value of load torque was removed at time and applied again at time
The experimental result in Fig. 10(b) shows that even in the presence of load torque, the motor speed is regulated well and the magnitude of the phase shift error was kept within 10 during transient and within 7.2 at steady state. For our experimental work, we chose 200 s, 5, 20, and 10 in (26). It then can be shown that the resolution of the speed estimator is approximately 24 rpm. In fact, Fig. 10(b) shows that motor speed error at steady state was kept within 24 rpm at steady state.
Experimental results for flux-weakening control are shown in Fig. 11 . To show the difference between normal operation and flux-weakening operation with 30 , we have plotted the 
VI. CONCLUSION
Our extensive experimental study has shown that the proposed sensorless control scheme operates quite well not only at steady-state but also during transient. Specifically speaking, the speed error could be kept within the resolution in velocity estimation under various operational conditions. On the other hand, the phase shift error at steady state was less than the phase-lag corresponding to one sampling period and can be reduced smaller by using a microprocessor with higher clock frequency. In conclusion, the proposed sensorless control scheme improves significantly the previously known schemes in the respects of robustness and cost. Moreover, the flux-weakening control scheme can be easily incorporated into our sensorless control scheme. We also believe that the proposed FIPS should find a wide range of applications in other areas than motor control.
APPENDIX
A. Derivation of (12)
If the FIPS operates normally, there exist an integer and two time points satisfying
Without loss of generality, we may assume and as in Fig. 3 , where the typical waveform of an accelerating input signal is depicted. 
Therefore, due to acceleration can be calculated as follows:
(33)
B. Derivation of (14)
Typical waveforms to show the operation of the FIPS in the presence of measurement noise are plotted in Fig. 4 . If the FIPS operates normally, we can see from Fig. 4 that is the only point satisfying the following relationship:
(34) Also, the phase shift error due to measurement noise satisfies (35) Therefore, we can rewrite (34) in the following form:
(36) from which (14) follows immediately.
